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ABSTRACT
The purpose of this research is to reVIew and incorporate modifications as
required to the existing tolerance limits on the acceptability of a completed heat-
straightening repair. Currently, tolerances exist on the level of damage that may remain
in a member, which was damaged (i.e. vehicular impact), after this type of repair. It has
been discovered, through the instrumentation of heat-straightened members containing
currently acceptable limits of residual damage, that a significant increase in stress exists
compared to that of the primary bending stresses. If this residual damage is far from any
welded or other fatigue sensitive details, the existing tolerance limits are considered
adequate. However, if this residual damage is near welded details, the increase in stress
at those locations could increase the likelihood of a fatigue failure due to local stress
amplifications. Finite element modeling was conducted to characterize the increase in
stress using variable heights of damage, lengths of damage, flange thicknesses and flange
widths. A trend analysis was conducted that resulted in an equation which can predict a
stress amplification factor based on the four variables at the residual damage location in
base metal. Inspectors, engineers, and heat-straightening contractors can all benefit from
this research in understanding that the adequacy of a heat-straightening repair will
prevent the member from experiencing any unforeseen fractures.
1. INTRODUCTION
1.1 Introduction
Damage to highway bridge members can occur when over-height vehicles
dynamically impact the structure or when a vehicle loses control and crashes into a
member, such as a hanger in a through truss bridge. The damage, which occurs at very
high strain rates, results in significant plastic deformation in the member. Heat-
straightening along with mechanical techniques, has been demonstrated to be an effective
and cost efficient repair technique when applied correctly. Figure 1 shows an example of
a damaged bridge girder which was successfully repaired using heat-straightening
techniques.
,
,-
Figure 1 - Damaged and Heat-Straightened Bridge Girders·
Significant research efforts over the past 15 years have led to the development of
appropriate techniques and methods used to return severely damaged members to their
original geometry. NCHRP project 10-63 is being conducted on the subsequent fatigue
1 Courtesy of Florida Department of Transportation
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1. Courtesy of Florida Department ofTransportation
Significant research efforts over the past 15 years have led to the development of
appropriate techniques and methods used to return severely damaged members to their
original geometry. NCHRP project 10-63 is being conducted on the subsequent fatigue
and fracture perfonnance of heat-straightened members. During this research, it was
discovered that damage not fully repaired on base metal near welded bridge details such
as stiffeners and cover plate tenninations may adversely affect the fatigue perfonnance of
these details. Impacts near these details, which were not fully straightened but within
acceptable tolerances as shown in Figure 2, caused an increase in stress due to localized
bending under applied loading. Ultimately, stresses calculated ignoring these effects will
underestimate the actual stress potentially resulting in unforeseen fatigue cracking.
Figure 2 - Residual Damage on a NCHRP Specimen
1.2 Objective
The purpose for this research is to determine how the presence of residual damage
that is within current accepted tolerance near welded details affects the in-service stress at
these details after a heat-straightening repair has been made. Once this effect has been
characterized, more reasonable tolerances can be established on the pemlissible anlount
of damage which can remain. Ensuring the remaining danlage is within these new
tolerances will make certain that the fatigue perfonnance of the member will not be
3
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1.2 Objective
The purpose for this research is to detennine how the presence of residual damage
that is within current accepted tolerance near welded details affects the in-service stress at
these details after a heat-straightening repair has been made. Once this effect has been
characterized, more reasonable tolerances can be established on the pennissible amount
of damage which can remain. Ensuring the remaining damage is within these new
tolerances will make certain that the fatigue perfonnance of the member will not be
3
adversely affected. In addition, a parametric study has been conducted to produce
guidelines to account for residual defonnations in straightened elements.
1.3 Research Approach
In order to characterize the effects of the residual damage on localized bending,
finite element models will be made. The finite element models created for this research
will be similar to the test specimens used for the NCHRP project mentioned earlier. Data
(stresses obtained from strain gages on the specimen) is available on a specimen
containing residual damage from a heat-straightening repair. These data can be used to
calibrate the finite element models. Since this increase in the level of stress is localized,
full-scale finite element models of bridges would not be necessary. Therefore the finite
element models will consist of 18 ft beams with welded details as described below.
The modeling for this research will consist of two parts; models which will
contain levels of varied residual damage in base metal (far from any welded details) and
models consisting of residual damage within current accepted tolerances near welded
details. It is important to note that the constant amplitude fatigue limit (CAFL) for base
metal (category A) is 24 ksi. Although this magnitude of stress range (including any
increase in stress due to the localized bending) would not typically be produced by live
load on a bridge member, the base metal condition is useful to understand the general
effects. The welded detail categories to be investigated are transverse stiffeners, flange
attachments, and cover plate temlinations. Transverse stiffeners attached to flanges are
classified as category C or C' details for which the magnitude of stress range to cause
cracking in these details must be greater than 10 ksi to 12 ksi respectively. Flange
4
attachments and cover plate terminations (category E and E't respectively) are an
example of details with very low fatigue resistance. The CAFL for category E is only 4.5
ksi and category Et is only 2.6 ksi.
The damage that will be modeled in this research will range from damage that is
currently within accepted tolerance for a completed repair for a given flange width (note
the existing tolerance limit is determined based on flange width and will be discussed in
more detail in Section 2.3) to damage that is beyond those limits. It may be found that a
minor impact has resulted in localized damagedt although globallYt the girder has
maintained its original "straightU geometry. In these casest damaged girders are typically
not repairedt since the overall geometry (and hence performance) does not appear
affected. The results of this study can be used to obtain a general sense of the increase in
stress at these localized damage locations and may assist the engineer in the analysis of
the damaged member and in making the decision as to whether a repair is required.
5
2. BACKGROUND
2.1 NCHRP 10-63 Project
As stated in Chapter 1, a project entitled "Heat-Straightening Repair of Damaged
Steel Bridge Girders: Fatigue and Fracture Perfonnance" [1] is being conducted at
Lehigh University. This project is sponsored by the National Cooperative Highway
Research Program (NCHRP) for the purpose of detennining the effects heat-straightening
may have on the fatigue and fracture perfonnance of welded details on steel bridge
girders. The following gives a briefoverview of the project.
2.1.1 Specimen Configuration and Materials
There are three different types of beams that are used for the testing for this
project. The first is a W30Xl16 rolled beam made of ASTM A709 Grade 50 steel. The
details included on this specimen are transverse connection plates welded to flanges and
cover plate tenninations. The cover plates and stiffeners are fabricated from A588
(A709) Grade 50 steel. The second is a plate girder, referred to as plate girder A,
fabricated from plates of ASTM A709 Grade 36 steel and includes longitudinal
weblflange welds, transverse stiffeners welded to the flanges, and flange attachments.
The flange attachments and stiffeners are fabricated from A588 (A709) Grade 50 steel.
The last type of beam is also a plate girder, identified as plate girder B, fabricated from
ASTM A709 Grade 50 steel plates, and includes longitudinal weblflange welds and
transverse stiffeners not welded to the flanges. The attachments are fabricated from
A588 (A709) Grade 50 steel. Detailed drawings of all three types of specimens are
located in Appendix A of this report.
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2.1.2 Damaging the Specimens
The first part of the testing involves damaging a specimen dynamically. A drop-
weight machine, similar to those used for drop weight tear tests but larger in capacity,
will be used to inflict damage at high strain rates. Detailed drawings of the drop-weight
machine are included in Appendix B of this report. The drop-weight machine has a
capacity of 200,000 ft-Ibs of energy. The machine is shown in Figure 3 and stands
approximately 33 feet high.
Figure 3 - Drop-weight Machine
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The weight being dropped consists of a W14X173 steel beam attached to vertical
guides that slide along rails bolted to two columns spaced 9 feet apart. The entire sled
weighs 2945 lbs; however there is also the ability to attach steel plates to this sled in
order to increase the weight up to 10,000 lbs. On the underside of this weight is a tup,
which is used to apply impact damage to the specimen. The tup design was based on a
questionnaire (discussed in Section 2.2) that was sent out as part of the initial research for
the project. From the results of the questionnaire, it was determined that the most
common cause of impact was due to large equipment on a flatbed trailer. Often, this
equipment is a large piece of earth moving machinery, such as a backhoe or an excavator.
Therefore, the tup was designed to simulate a hydraulic ram on a boom angled at 20° as
illustrated in Figure 4.
Figure 4 - Illustration of Impact Angle of Large Equipment
s
The tup is fabricated from a 10 inch 4 XX-strong steel hollow pipe that has been
r-
bolted onto a solid steel block angled at 20° as shown in Figure 5. This type of design
has successfully produced a reasonable simulation of the worst-case localized damage
being straightened in practice during the laboratory testing.
Figure 5 - Drop-Weight Machine TUP
The targeted global strain imposed on the test specimens is 100 times the yield
strain (lOOEy). However, with the uncertainties in calculating the strain ratios of the
member, the local strain ratios may be larger in certain areas. Figure 6 and Figure 7 show
global and localized damage, respectively, near a stiffener caused by an impact from the
drop-weight machine.
9
The tup is fabricated from a 10 inch 4 XX-strong steel hollow pipe that has been
bolted onto a solid steel block angled at 20° as shown in Figure 5. This type of design
has successfully produced a reasonable simulation of the worst-case localized damage
being straightened in practice during the laboratory testing.
Figure 5 - Drop-Weight Machine TUP
The targeted global strain imposed on the test specimens is 100 times the yield
strain (l OOEy). However, with the uncertainties in calculating the strain ratios of the
member, the local strain ratios may be larger in certain areas. Figure 6 and Figure 7 show
global and localized danlage, respectively, near a stiffener caused by an impact from the
drop-weight machine.
9
INTENTIONAL SECOND EXPOSURE
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The targeted global strain imposed on the test specimens is 100 times the yield
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member, the local strain ratios may be larger in certain areas. Figure 6 and Figure 7 show
global and localized damage, respectively, near a stiffener caused by an impact from the
drop-weight machine.
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Figure 6 - Typical Global Damage from the Drop-Weight Machine Impact
Figure 7 - Typical Local Damage from the Drop-Weight Machine Impact
2.1.3 Nondestructive Testing (NDT) Inspection of the Specimens
After the damage has been induced on the specimen, the area around the impact
will be thoroughly inspected. Bridge inspectors and NDT specialists were consulted to
detennine the current state of practice used in the field before and after a heat-
straightening repair. All stated that the type of inspection is dependent on the severity of
the damage. Mostly a visual inspection at the impact area is conducted along with
10
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2.1.3 Nondestructive Testing (NDT) Inspection ofthe Specimens
After the damage has been induced on the specimen, the area around the impact
will be thoroughly inspected. Bridge inspectors and NDT specialists were consulted to
determine the current state of practice used in the field before and after a heat-
straightening repair. All stated that the type of inspection is dependent on the severity of
the damage. Mostly a visual inspection at the impact area is conducted along with
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determining the degree of damage for a minor impact. For a major impact, magnetic
particle tests are conducted around the impacted area and neighboring details. In
addition, one inspector interviewed suggested conducting an ultrasonic test along with the
magnetic particle test. After heat-straightening, magnetic particle testing, occasionally
along with ultrasonic testing of web and flange welds, is conducted thoroughly around
the impact area and up to a minimum of six feet from the point of impact. Dye penetrant
is used if the agency allows, however other procedures are often favored in this
application.
Nondestructive testing inspection methods consist of but are not limited to the
following commonly used in practice today: visual, dye penetrant, magnetic particle, and
ultrasonic. For the NCHRP project visual, dye penetrant, and magnetic particle were
used to inspect the specimen before, during and after the heat-straightening process.
When repair welds were made on cracked specimens, an outside contractor was brought
in to conduct an ultrasonic inspection. The following will concisely describe each
procedure to better inform the reader of techniques used during the NCHRP project.
Visual inspection is the most commonly used inspection technique. It is relatively
quick, easy, and requires inexpensive equipment. The necessary equipment used includes
a camera, flashlight, magnifying glass, mirrors, dial gauges and measuring equipment.
Abundant information should be noted and recorded to ensure complete documentation
of the condition and to avoid the need for multiple trips to the site. Although there are
many advantages to visual inspection, the main disadvantage is related to inspectors who
lack the experience to properly identify problems. The inspector must be familiar with
II
numerous types of deformations, distortions, nicks, cracks and gouges and how each can
influence the long-term performance of the member.
Penetrant inspection is used to detect surface discontinuities only. A penetrating
liquid dye, either visible or fluorescent, is placed on the surface of the member and will
enter any discontinuities. After a period of time; up to thirty minutes for extremely fine,
tight discontinuities; the excess dye is removed and the area is allowed to dry. A
developer is then applied, pulling the residual wet dye from the discontinuities. Figure 8
shows the inspection of the impact zone after the specimen has been damaged. Note the
crack (shown in red) on the right side of the impact. Penetrant inspection is inexpensive,
simple and easy to learn. However, inspectors need to be properly trained in noting the
difference between real and false indications.
Figure 8 - Example of Dye Penetrant Inspection
Magnetic particle inspection inyolyes the use of magnetic field lines to detennine
whether surface or near surface cracks exist by the disruption of the lines. 1l1is
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disruption of lines results from a discontinuity in the member, e.g., a crack. The material
can either be magnetized (direct magnetization) or by placing a magnetic field (indirect
magnetization) on the member. Once the field is established, magnetic particles
(typically in the form of a powder) are placed on the inspection surface. Discontinuities
are exposed when they are trapped in the leakage of the magnetic field and the location,
shape and size of a crack can accurately be determined. Figure 9 through Figure 11
depict this process and the required equipment.
The test can be conducted very quickly and compared to other NDT methods; it is
relatively cost effective in terms of equipment and procedures. In contrast to dye
penetrant inspection, magnetic particle inspection can reveal shallow cracks below the
surface, is very accurate, requires less time, and may be more economical after the
equipment is obtained. This procedure is favored among many inspectors.
Figure 9 - Magnetic Particle Inspection - Placement of the Magnetic Field
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Figure 10- Magnetic Particle Inspection - Application of Magnetic Particles
Figure II -Magnetic Particle Inspection - Results
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Ultrasonic inspection CUT) is another commonly used NDT method in practice.
By using high-frequency sound waves, surface and subsurface discontinuities can be
detected. As the sound waves travel through the material and reflect back, the presence
and location of any discontinuities, which also cause reflections, in the member can be
detected. This information is then displayed on a cathode ray tube screen for
interpretation. A repair weld made at a stiffener on a NCHRP specimen due to a crack
was DT inspected as shown in Figure 12. Advantages in using this type of test are: the
ability to detect small internal discontinuities, accuracy, almost instantaneous results of
the test. The primary disadvantage to this test is that highly trained and experienced
technicians are needed to operate and accurately interpret this type of test results.
Figure 12 - Example of Ultrasonic Inspection
Although some agencies that were contacted stated they do not complete any
inspection of impacted members other than visual, the existing NDT inspection
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techniques that are currently being used are considered adequate. A few of these current
inspection procedures will be evaluated by the research team before an impact is made,
after the impact but before heat-straightening repair, during the repair process and after
the heat-straightening is complete. Due to budget limitations, it is anticipated that NDT
will be limited to visual, dye penetrant, and magnetic particle methods. UT may be
performed ifconsidered to be necessary.
2.1.4 Heat Straightening the Specimens
After the inspection is completed and any flaws caused by the impact have been
removed, the specimen will be repaired by heat-straightening. A heat-straightening
contractor was hired to train the author and selected ATLSS technicians on heat-
straightening repairs. The heat-straightening procedures follow the FHWA guidelines,
however techniques that are typically use in the field that were learned during this
training were also utilized during the repair process.
Heat-straightening is a basic concept which relies on two properties of steel.
First, once steel has passed the yield point, permanent deformation will occur with further
straining. Second, the yield point of steel will decrease significantly when the
temperature is elevated to around 700°F to 1300°F. Figure 13 illustrates how steel can be
permanently deformed using these two properties. Figure 13a consists of an undefonned
steel bar. This bar is then placed in a clanlp that is tightened snugly and then a zone is
heated as shown in Figure 13b. During this heating process, the steel will only expand
laterally and transversely because of the longitudinal restraint and thus creating
restraining forces on the clamp as seen in Figure 13c. Also ShO\,.,l1 is the bulge that
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occurred due to yielding at an increase in temperature in that heated zone. Once the heat
is removed from the area, the bar will contract in three-dimensions causing the bar to
shorten and the bulge to shrink as seen in Figure 13d. This process can be repeated until
the desired length is attained.
I. L .1
a) Undeformed steel bar
~Hemd~O~ ~J B
b) Snug-tight clamp restraining the bar
c) Upsetting during heating
~ ~ ~r~L
d) Final configuration ofheated bar
Figure 13 - Conceptual Example of Shortening a Steel Bar
The same principle can be used to straighten damaged steel bridge girders;
however different patterns of heating and restraining forces are used. The first type of
heating pattern that is most common is called the vee heat. This type of heat was used to
remove sweep from the specimen. A vee is drawn in the yield zone of the flange and
17
heating is begun at the apex. Once the desired temperature (l200°F for the NCHRP
specimens) is reached, the torch is advanced in a serpentine motion toward the base of the
vee. A hydraulic jack is used to restrain the flange from moving laterally in the direction
of the expansion, which would be the greatest at the base of the vee, as shown in Figure
14. As the steel cools, the vee will close and this process is repeated until the entire
sweep is removed from the specimen.
Figure 14 - Example of a Vee Heat and Restraining Force
Another type of heat used is a line heat. TI1is was used mostly for localized
damage around the impact zone and web bulges. A line is placed on the convex side of
the damage. as ShO\\11 in Figure 15. which is subjected to bending moments produced by
the restraining force. also ShO\\11. TIle line is then heated in one pass and allowed to cool.
During this time the side of plate that was hcatcd \\ill contract thus flattening the COI1\'CX
side of the bcnd and this proccss is repcatcd until the damage is complctcly rcmo\'cd.
18
Figure 15 - Example of a Line Heat and Restraining Force
When the combinations of these two types of heats are used in a proper sequence
the damage caused by an impact can be successfully removed. Figure 16 shows both the
danlaged specimen after two impacts near the flange attachment and the transverse
stiffener and the sanle specimen after a successful heat-straightening repair.
19
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Figure 15 - Example of a Line Heat and Restraining Force
When the combinations of these two types of heats are used in a proper sequence
the damage caused by an impact can be successfully removed. Figure 16 shows both the
damaged specimen after two impacts near the flange attachment and the transverse
stiffener and the same specimen after a successful heat-straightening repair.
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Figure 16 - Before and After a Heat-Straightening Repair
2.1.5 Fatigue Testing the Specimens
Once returned to nearly the original geometry and inspected, the specimen was
fatigue tested (or damaged and repaired again to investigate the effect of multiple cycles
of damage and repair). The test setup, as shown in Figure 17, consists of two pulsators
spaced 5 ft apart creating four-point bending. The pulsators run at constant amplitude
that is based on the design of the specimen at 164 cycles per minute. The constant
moment region, between the two pulsators, contains the transverse stiffeners, which are
category C' details. The moment gradient portions on both sides of the constant moment
region contain category E flange attachments for the specimen shown.
20
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Figure 16 - Before and After a Heat-Straightening Repair
2.L5 Fatigue Testing the Specimens
Once returned to nearly the original geometry and inspected, the specimen was
fatigue tested (or damaged and repaired again to investigate the effect of multiple cycles
of damage and repair). The test setup, as shown in Figure 17, consists of two pulsators
spaced 5 ft apari creating four-point bending. The pulsators run at constant amplitude
that is based on the design' of the specimen at 164 cycles per minute. The constant
moment region, between the two pulsators, contains the transverse stiffeners, which are
category C' details. The moment gradient portions on both sides of the constant moment
region contain category E flange attachments for the specimen shown.
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Figure 17 - Typical Fatigue Test Setup
An initial set of fatigue tests on specimens that have been damaged and repaired
once (one damage/repair cycle will be referred to as a D/R cycle) were conducted for the
rolled beam and plate girder A. These specimens ran until the upper-bound fatigue
resistance for the detail was reached. The results of these tests fell within the normal
scatter for the given details concluding, thus far, that there is no effect on fatigue life
when subjected to a single D/R cycle. Furthermore, since there was no effect of a single
D/R cycle on fatigue life, a new series of specimcns (at the time of this thesis
preparation) are being subjected to multiple D/R cycles and will be fatigue tested. There
would not be a need to apply fatigue cycles between D/R cycles since the first series of
tests has demonstrated that one D/R cycle has no effect on fatigue life. This pattern will
be repeated up until three D/R cycles have been achieved for each detail considcred.
Two specimcns however, will be subjectcd to up to thrce D/R cycles to confinn the
abO\"c. Fatigue cycles will be applied between each D/R cycle for these two beams in
21
order to further verify the validity of applying multiple D/R cycles prior to fatigue
testing.
2.1.6 Preparation of Guidelines
Based on the results, guidelines will be developed for the use in the evaluation of
damage as well as the inspection of damaged and heat-straightened steel members for the
fatigue and fracture limit states. Qualitative and quantitative criteria, covering limits of
initial damage, heat straightening techniques, and field inspection methodologies
intended to minimize the potential for fracture and fatigue problems in heat-straightened
steel girders will be developed.
The FHWA manual on heat-straightening repair [2] will be thoroughly reviewed
with a focus on the fatigue and fracture limit states. Suggested modifications to this
manual will be included in the NCHRP 10-63 Final Report. The results of this study will
have a direct impact on highway practi~e by increasing the performance reliability and
long-term durability of steel bridges repaired by heat-straightening techniques.
2.1.7 Stress Increase at Locations of Residual Damage
During the fatigue testing on a plate girder specimen, as described in Section
2.1.4, a static load was applied to prepare for the dynamic loading. During this static
calibration, it was found that the stresses on the bottom flange near the flange
attachments and the stiffeners were much different than anticipated and did not agree
well with elementary (McII) beanl theory. The distribution of measured stresses in the
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beam, are presented in Figure 18. Also shown are the theoretical stresses, in parenthesis,
for the same loading.
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Figure 18 - Stresses at Detail Locations under a Static Load
As can be seen, the stresses at the flange attachments are as much as 1.8 times
greater than predicted by traditional beam theory. It should be noted that the areas where
these increased stresses occurred, the remaining out-of-flatness was within the tolerance
listed in the FHWA manual on heat-straightening. It was subsequently confirmed that the
variation in stress from the calculated (Me/I) stresses was a result of local bending where
there was remaining flange distortion. This presents a problem because this residual
danlage could increase the stress range above the CAFL and result in fatigue stresses that
\vere not taken into consideration during the original design or later evaluations.
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Figure 19 shows an example of damage that was within the listed tolerances per
FHWA (described further in Section 2.3) yet not completely straightened. The height of
the damaged, which was measured from a taunt line, was Y4 inch. This caused the stress
at the weld toe of the flange attachment, obtained from a strain gage, to be 12.6 ksi while
the theoretical stress from elementary beam theory should be 9 ksi. This has raised
concern and will be the focus of the research.
Figure 19 - Residual Damage on a NCHRP 10-63 Specimen
2.2 Questionnaire
As part of the NCHRP project, describe in Section 2.1, a questionnaire was sent to
54 departments of transportation, including Washington DC, Puerto Rico and Northern
Mariana Islands; seven Canadian provinces' Ministries of Transportation; England's
Department of Public Works and 26 other agencies, including turnpike authorities and
bridge commissions. Part of the results to this questionnaire were used to gain insight on
the types of danlage imposed on bridge members, procedures and manuals used during
the repair process. and how well the beam was repaired.
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Figure 19 shows an example of damage that was within the listed tolerances per
FHWA (described fwiher in Section 2.3) yet not completely straightened. The height of
the damaged, which was measured from a taunt line, was ~ inch. This caused the stress
at the weld toe 0 f the flange attachment, obtained from a strain gage, to be 12.6 ksi _while
the theoretical stress from elementary beam theory should be 9 ksi. This has raised
concem and will be the focus of the research.
Figure 19 - Residual Damage on a NCHRP 10-63 Specimen
2.2 Question.naire
As part of the NCHRP project, describe in Section 2.1, a questionnaire was sent to
54 departments of transportation, including Washington DC, Puelio Rico and Northern
Mariana Islands; seven Canadian provinces' Ministries of Transportation; England's
Department of Public Works and 26 other agencies, including turnpike authorities and
bridge commissions. Part of the results to this questionnaire were used to gain insight on
the types of damage imposed on bridge members, procedures and manuals used during
the repair process, and how well the beam was repaired.
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One of the questions was intended to detennine the causes ofdamage to structural
members. The majority of the impacts were caused by large equipment on a flatbed
trailer. The remaining types are listed in Table 1 below. Typical equipment was listed as
large earth moving equipment such as backhoes. Thus a general idea on what the
geometry may be for a typical impact would be a localized bend or gouge in the bottom
flange.
Type of Vehicle Percentage
Large Equipment on a Flat Bed Trailer 68%
Truck and Trailer 20%
Train 3%
Garbage Truck 3%
Log Truck 2%
Crushed Vehicle Hauling Truck 2%
Dump Truck 1%
Firefighting Tower <1%
Gasoline Storage Truck <1%
Crane Trucks <1%
Table 1- Types of Vehicles Which Caused Damage to Steel Bridge Members
It is also of importance to know what specifications, if any, the agencies are using
during the heat-straightening repair process. Sixty-five percent of those carrying out the
heat-straightening use FHWA's "Heat-Straightening Repairs of Damaged Steel Bridges:
A Technical Guide and Manual of Practice" [2]. Alberta Transportation uses special
provisions similar to FHWA; New Han1pshire DOT references NCHRP Report 271 [3]
and others stated using their own special provisions and procedures. This infonnation is
pertinent because listings of repair tolerances may be present in these publications.
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The agencies were asked whether or not they allow heat-straightening on various
details including welded, riveted and bolted connections. Most importantly are the
welded connections such as welded lateral bracing or truss connections, stiffeners welded
and not welded to the bottom flange and cover plate terminations. Table 2 lists the type
of detail and the percentage of agencies that responded that permit these details to be
repaired by heat-straightening. A majority of the responding agencies will allow heat-
straightening repair on the details that were investigated in this research.
Heat-Straiehtenine of the Followine Members
Member Yes No
Welded lateral bracing or truss connections 100% 0%
Stiffeners not welded to the bottom flange 89% 11%
Stiffeners welded to the bottom flange 78% 22%
Cover plate terminations 75% 25%
Table 2 - Heat-Straightening of Bridge Member Details
The survey results reinforce that many states perform heat-straightening based on
experience in conjunction with the published FHWA guidelines. Overall, most owners
seem to have had favorable experience with heat-straightening repairs with limited
failures. Unfortunately, the fractures which have occurred have not been documented
sufficiently and the cause of failure is simply attributed to the impact or the repair process
with no additional investigations taking place.
2.3 Literature Review
Beginning in the 1980's, the most recent contributor to heat-straightening, Dr.
Richard Avent, has strived to turn the process of heat-straightening into more of an
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engineered science rather than an art. Avent wrote a Manual of Standard Practice [2]
related to heat-straightening, which is distributed by the FHWA, and is currently being
used by agencies across the United States. In addition, this manual is being provided to
participants at the FHWA demonstration projects on heat-straightening repair for
damaged steel bridges held across the United States. This document is being considered
as the guideline for the current state-of-practice. Listed in this manual are suggested
tolerances for allowable damage to remain after the repair. These tolerances are listed in
Table 3 below.
Member Type Recommended Minimum Tolerance
Beams, Truss Members
or Columns
Overall Y2 in over 20 ft
At impact point Y.4 in over 20 ft
Local Web Deviations d/IOO but not less than Y.. in
Local Flange Deviations bllOO but not less than Y.. in
Table 3 - Recommended Tolerances for Heat-Straightening Repair
These tolerances were made as guidelines based on AASHTOIAWS Bridge
Welding Code D1.5 [4]. It was stated that the tolerances listed in 01.5 were too limiting
based on longer repair times, the damage is small and not always located in high stressed
regions, and the steel in the vicinity of the impact may have material distortions which
may preclude highly restrictive tolerances. (Since these tolerances are only considered
guidelines, contract documents must specify the tolerances to be used in actual
applications.)
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Another publication used by agencies as stated in the questionnaire was NCHRP
Report 271 entitled "Guidelines for Evaluation and Repair of Damaged Steel Bridge
Members" [3]. This report does not offer any specific guidelines on tolerances for the
practitioner. The authors believe that listing tolerances would not be practical and all
members should be treated individually based on the type of member, stiffuess, length,
allowable stress, and end restraints. The determining factor is stated as an acceptable
increase in stress, however no additional information is provided.
From this literature review and based on the results of the questionnaire, it can be
concluded that most agencies typically limit the repair to the specified tolerances as listed
in the FHWA manual. Although this would be acceptable in most cases for minor
distortions remaining that are clear from any welded details, it does not clearly state that
special precautions must be taken at typical welded bridge details and that it could affect
the fatigue performance of those details. A better understanding of these effects would
allow the practitioner to correctly evaluate a heat-straightening repair for the fatigue limit
state.
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3. RESEARCH
3.1 Finite Element Studies
In order to understand the effects of residual damage, finite element models were
created. The software used for this research was FEMAP v8.3 and ABAQUS 6.4-1.
FEMAP was used for the pre- and post-processing while ABAQUS was used as the finite
element solver. The type of elements used throughout this research was ABAQUS S4
shell elements, S8R shell elements, and C3D20 solid elements.
The S4 shell element is a 4 node linear doubly curved general purpose shell
element while the S8R element is an 8 node quadratic doubly curved shell element with
reduced integration. The C3D20 element is a 20 node quadratic brick (solid) element.
Simple three point bending models were created to verify the accuracy of these elements
for this application and were found to be in agreement with elementary beam theory and
laboratory data.
The parametric study was separated into two parts. First, several shell element
models were created of the NCHRP plate girder A specimen, as described in Section
2.1.1. Each model consisted of one variation of residual damage geometry at the
midpoint of the beam on the bottom flange. That is, for each selected geometry of
damage, a single model will be created containing only that damage geometry. This
damage will not be near any welded details or connections. Different flange thicknesses
and widths were modeled separately as well. All together, this portion of the study was
to determine how the damage geometry, flange thickness, and the flange width influence
local stress distribution.
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The second part focused on building solid finite element models containing
"damage not fully repaired" near two details similar to those on the laboratory specimen.
It should be noted that this remaining damage is within the tolerance limits as listed in the
FHWA manual on heat-straightening repair [2]. The purpose for these models was to
gain additional insight into the behavior observed in the laboratory. These models were
also used to establish the influence of residual damage on the fatigue performance of
selected welded details. Although shell elements can be used to accurately model the
influence of residual damage on the basic section, solid models are required near details
such as cover plates and stiffeners since the actual geometry (e.g. component thickness
and damage) must be modeled.
3.2 Shell Element Models
The shell element models, similar to the NCHRP plate girder A specimen, are an
18 foot long, 35 inch deep plate girder with Y.4 inch thick by 10 inch wide flanges. The
beam was modeled as simply supported at the bottom flange and had two 75 kip point
loads placed 2.5 feet from the midpoint of the beam creating four point bending. The
loading and boundary conditions were chosen so as to simulate the type of setup (see
Figure 17) used for the fatigue testing. The dimensioning and detailing of the beam are
shown in Figure 20.
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Figure 20 - Plate Girder Dimensioning
For these models, the majority of the beam was modeled using 84 shell elements
while the area where the damage will be located, 88 shell elements were used. The
typical beam model along with a blown up detail of the refined mesh are shown in Figure
21 and Figure 22, respectively. The typical mesh size for the 84 elements, shown in blue,
were 2 inch square. The refined mesh area was placed at the midpoint of the beam and is
5 feet long, This mesh contains 88 shell elements that were ~ inch square and are shown
in grey in Figure 21 (due to the view of the meshing) and shown in red in Figure 22. The
purple elements are both 84 and 88 shell elements used to transition between the two
mesh types, The yellow elements are bearing stiffeners and load stiffeners as shown in
the figure,
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Figure 21 - Typical Shell Element Model
Figure 22 - Detail of Refined Mesh
32
3.2.1 Control Model
To begint a control model of the basic undamaged shell element model was
analyzed. The analysis is presented as a contour plot of the normal stresses in the x-
direction (along the length of the beam) on the bottom surface of the shell element as
shown in Figure 23. The contour plot depicts red as the maximum calculated tension
stress and the blue as the maximum calculated compression stress. Green represents little
to no stresses present in those elements. The average stresst obtained by averaging points
along the tension region at the bottom of the beam and across the width of the flange in
between the two load points (constant moment regiont orange-red contour)t was roughly
15.4 ksi. Also note the moment gradientt as the stress contours change in color from
orange-red to greent from either load point to the support.
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Figure 23 - Control Results of Four Point Bending Analysis
The results of this simple analysis were compared to that of elementary beam
theory (cr = Me/I) to verify the accuracy of the model. The stress in the constant moment
region was calculated to be 15.5 ksi which, when compared to the stress obtained from
the finite element model, was quite similar. The stresses along the moment gradient were
also compared between the finite element model and beam theory and were found to be
in excellent agreement.
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3.2.2 Damaged Models
Using the control model, various levels of damage were placed within the refined
mesh region by mapping the mesh to distorted (damaged) surfaces. These geometries
consisted of multiple heights of damage as well as multiple lengths of damage. For
practical purposes, it was found that typical localized damage observed during laboratory
induced impacts, that had been heat-straightened would have a minimum length to height
ratio of four. That is for a given height, H, of damage, the length, L, was no less then
four times that respective height ofdamage. This is depicted in Figure 24.
1~_
I L I
Figure 24 - Typical Damage Geometry (UH = 4)
It is important to note that the minimum UH ratio of four becomes impractical as
the flange thickness increases. A minimum limit was placed on the UH ratio as being
greater than or equal to 5.25 times the flange thickness based on the laboratory studies.
This was determined by evaluating the proportions of various damage geometries and
flange thicknesses. Once the UH ratio for a specific flange thickness seemed unrealistic,
a limiting value was identified. For exanlple, a practical UH ratio for a flange having a
thickness of 1.25 inch would be approximately 6.5, which for a danlage height of If. inch
would require a length of at least 1.625 inch to be considered realistic. Furthermore since
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the damage geometry is for the edge of the flange, flange width will not affect the
practicality of this characterization for reasonable flange widths.
A matrix was created based on the UH ratio characterization, which determined
the various types of damage geometries to be considered. The height of damage modeled
for this particular specimen has a specified tolerance, per the FHWA manual on heat-
straightening repair, of Y4 inch. However as described in Section 1.3, it was chosen to
model damage that ranged in height from 1/8 inch to % inch in 1/8 inch increments and 1
inch. The lengths chosen were based on the UH ratios of 4, 6, 8, 10, 12, 24, and 48.
Note that the flange thickness for this specimen was % inch thus a minimum UH of four
would be practical.
To model the damage, a spline curve was created in FEMAP using points that
approximated the geometry of the actual damage. A surface was then created using the
spline to represent the edge of the damaged flange. To ensure the finite element mesh
was consistent between each of the models (which would have different damage
geometries), the mesh shown in Figure 22 was projected onto the newly created
"damaged" surface. This would allow for the stresses obtained from each model to be
compared consistently. If each surface was uniquely meshed automatically, element
shapes were produced that were not desirable, such as triangular elements or shapes that
were severely skewed. Also, using different meshes for each model could lead to
inconsistencies in detem1ining the highest stress among models and would result in an
inaccurate trend between the models based on the different levels of geometry. Figure 25
shows both the finite element model and an actual impact from a NCHRP specimen.
(Note that this portion of the study does not include welded details in the model.)
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a) Finite element model
b) Actual damage
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Figure 25 - Comparison of Modeled Damage to a Typical Localized Impact
The bottom nonnal stress in the x-direction (along the length of the beam), as
detemlined in the control model (see Figure 23), was used to compare the different
models. Figure 26 shows the stress contour of the underside of the bottom flange for the
localized damage that was 1'4 inch high over a length of 6 inches (UH ratio of 8) for one
of the models and can be considered typical. The red stress contour represents tension,
the blue represents compression and the green stands for the nomlal bending stress
present in the beam. Note the large amount of tensile stress on the concave side of the
danlage. This is the area on the residual danlage (for all geometries) that experiences the
most tensile stress. TIlliS the increase in stress is limited to that of the damaged area and
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the opposite side of the flange where the edge of the flange experiences some minor
compressIOn.
Figure 26 - Stress Contour of Localized Damage
The models were examined and the maximum stress in the localized damage
region was recorded. The location of the maximum stress varied a small amount along
the width of the flange. As the height of damage increased, the maximum moved in
toward the web. For smaller danlage heights the recorded maximum was 1,4 inch in from
the edge. For larger damage heights, the maximum was located up to % inch in from the
edge. However the stresses across the width of the flange in the control model were all
relatively unifonn, (within 0.01 ksi across the width of the flange). Using this
"undamaged" stress. a stress amplification factor (SAF) was calculated by taking the
ma.ximum stress for a giycn model which includcd thc residual damage and dividing by
the stress in the same location dctennined from the control model. Figure 27 is a plot of
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the each height of damage with the SAF on the ordinate (linear) and the length of damage
on the abscissa (logarithmic).
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Figure 27 - Stress Amplification Factor Plot for Various Heights of Damage
It can be seen on the graph that for all damage heights, the SAF will decrease
non-linearly and all will eventually approach 1.0 as the length of damage increases (i.e.
as the geometry approaches the undamaged condition). Also, the overall generalized
slope of the curves increase as the height of the damage increases. Thus for a larger
height of damage, as the UH ratio increases. the SAF will decrease more rapidly
compared to that of smaller damage heights. Further analysis of the trends for these
CUI"\TS will be discussed in the next section.
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In order to fully characterize the effect of residual damage, different flange
thicknesses as well as flange widths were also modeled. Interestingly, it has been found,
through the damaging and heat-straightening of specimens for the NCHRP project, that
for severe localized impacts, there will be a decrease in the flange width as well as
thinning of the flange where the impact has occurred. This is due in part to the impact as
well as grinding the damaged area to remove any micro cracking or irregularities after the
impact has occurred. This is done to prevent any cracking during the heat-straightening
process. During the heat-straightening repair for the NCHRP project, small cracks have
formed and were ground out to prevent further propagation. This has also caused further
thinning of the flange. Once the heat-straightening is completed the area is again ground
smooth to reduce any distortions left after the repair has been made. If the engineer feels
that this reduction does not warrant a repair weld or the addition of splice plates to
increase the cross section, the area will remain as is. One of the repaired impacts from
the NCHRP project is shown in Figure 28 where this has occurred. It should be noted
that this thinning only occurs at the edge of the flange and extends inward about one
quarter of the flange width. The geometry as shown in Figure 28 only resulted in a
reduction ofless than five percent of the cross sectional area.
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Figure 28 - Detail of Repaired Localized Damage Showing Thinning of the Flange
As stated, to understand the influence of flange thickness on the SAF, models
were created of varying flange thickness for several of the damage geometries. In
essence, two curves from Figure 27, each representing a specific height of damage, were
selected. For each of these curves three more curves were created that would represent
the different flange thicknesses for the same geometry of damage. The selected heights
of residual damage were Y2 inch and % inch along with the lengths of damage selected for
the previous models. The additional flange thicknesses used for these models were I
inch and I Y4 inch. Since flange thicknesses less than % inches are not very common on a
roadway bridge girder, it was decided not to consider thinner flanges. The results of this
analysis are shown in Figure 29 on a semi-log plot.
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.Figure 28 - Detail of Repaired Localized Damage Showing Thinning of the Flange
As stated, to understand the influence of flange thickness on the SAF, models
were created of varying flange thickness for several of the damage geometries. In
essence, two curves from Figure 27, each representing a specific height of damage, were
selected. For each of these curves three more curves were created that would represent
the different flange thicknesses for the same geometry of damage. The selected heights
of residual damage were 12 inch and % inch along with the lengths of damage selected for
the previous models. The additional flange thicknesses used for these models were 1
inch and 1Y4 inch. Since flange thicknesses less than 3/4 inches are not very common on a
roadway bridge girder, it was decided not to consider thinner flanges. The results of this
analysis are shown in Figure 29 on a semi-log plot.
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Figure 29 - Stress Amplification Factor Plot for Various Flange Thicknesses
As shown in the graph, an increase in flange thickness will reduce the SAF. This
is because of the increase in stiffness of the thicker flanges which will in tum reduce the
amount of secondary bending that is experienced at the residual damage location. Note
that the two additional curves, which represent 1 inch and Ilf.t inch flange thicknesses,
contain less data then that of the original curve. This is because the minimum UH ratio
was raised since thicker flanges were modeled. It can also be interpreted from the graph
that at a given length of damage, the reduction in the SAF varies for both curves. It can
then be implied that as the height of damage increases, the SAF not be reduced as much
as the thickness of the flange increases. Section 3.2.1 will describe the relationship of
these CUfyeS and ho\\' the general trend can be applied for all damage geometry.
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The same procedure for analyzing the different flange thicknesses was also done
for different flange widths. The same two curves, damage heights of Yz inch and ~ inch,
were used for this analysis as well. For each of these original curves, which a 10 inch
flange width was used, three more curves were created that represent the different flange
widths for the same geometry of damage. The additional flange widths used for these
models were 14 inches, 18 inches, and 22 inches, The results of the analysis are shown in
Figure 30 on a semi-log plot.
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Figure 30 - Stress Amplification Factor Plot for Various Flange Widths
It can be seen on the graph that the SAF will increase for larger flange widths,
This again is due to the stiffness of the flange. That is for a large flange width the
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localized bending, caused by the residual damage located at the edge of the flange, will
behave similar to residual damage in a plate thus increasing the SAF. With the exception
of the v.. inch curve when the length of damage is less than 4 inches, the effect on the
SAF due to flange width is essentially independent of the length of damage, thus
resulting in a constant increase. The trend observed for lower lengths of damage (less
then 4 inches for a v.. inch height of damage) may be due to the possibility that a small
amount of damage will not change the SAP regardless of flange width. It should be
noted that although this geometry of damage has been modeled it was not very typical of
what was experienced during laboratory tests (this will be discussed further in Section
3.2.3). However once the length of damage is greater than 4 inches for all flange widths
containing damage v.. inch high there will be a constant increase in the SAP regardless of
the length of damage. It is also apparent that the increase, although constant, will vary
based on height of damage. Thus as the height of damage increases, the amount of
increase in the SAF will also be greater. Preliminary data for larger heights of damage,
not shown in Figure 3D, are also in agreement with the constant increase of the SAF for a
given height of damage regardless of the length of damage as well as the varying increase
in the SAF per height of damage.
In summary, this part of the study has resulted in a general understanding of how
damage geometry, flange thickness, and flange width affect the stress at the damage
location. Based on the analysis, for a given UH ratio, the residual danlage will cause an
increase in stress to that of the nonnal bending stresses for an undamaged condition. For
thicker flanges, the increase is not as great when comparing the same geometry of
damage on a thinner flange. It must be noted that if the flange thickness was reduced
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flange width was varied it was detennined that for larger flange widths, the SAF
increases independently of the length of damage for the same level of damage geometry
(with the exception to short lengths of damage with a Y.4 inch height of damage). The
data obtained thus far will be used in the following section in order to detennine the
general trend of all this data and ultimately an equation can be developed which can
predict the SAF based on the height of damage, length of damage, flange thickness, and
flange width.
3.2.3 Trend Analysis
Using the results gathered from the finite element studies, the influence of
residual damage on local stress was detennined as a function of: flange thickness, flange
width, height of residual damage, and length of residual damage. In order to allow the
engineer or the heat-straightening contractor to detennine the SAF, a simple yet accurate
equation is necessary. First only taking the flange thickness and flange width that was
used in modeling the NCHRP specimen into consideration, trend lines were developed
for each height of damage curve as shown in Figure 31. The data obtained from the finite
element analysis are shown as individual data points and the solid line is the calculated
trend line.
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Figure 31 - Stress Amplification Factor Trend Plot for Various Heights of Damage
Using a logarithmic trend line, a general equation can be obtained which will
contain the two variables, height of damage and length of damage. That is for a given
height and length of damage for the NCHRP plate girder A specimen, the SAP can be
determined. Equation I was developed by modifying the logarithmic trend lines
produced in Microsoft Excel for each height of damage curve to be most accurate based
on judgment. Next a trend was developed between the equations to produce a final
equation for all heights of damage. Equation I was verified with numerous models to
confinn that the equation accurately predicts the SAF. The estimates from Equation I are
within 3 to 5% of the value obtained with the finite element modeling for nearly all cases.
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(
1.45ln(H) + 3.8)SAF= 043 In(L)+1.451n(H)+5
-In(40H' )
Where:
H =Height of Damage (inch)
L =Length of Damage (inch)
SAF =Stress Amplification Factor
Equation 1
A comparison of the results from the finite element modeling data compared to
results computed using Equation 1 is shown in Figure 32. The data are the results .of the
modeling while the solid line represents the results using Equation 1 for each height of
damage. The results from the equation produced values roughly 5% higher for the Y.4 in
and 3/8 in curves. This overestimation was also present for longer lengths of damage for
large heights of damage. It should be noted that most of the residual damage observed
thus far, with regard to the NCHRP project, has been localized and the lengths ofdamage
will usually be limited to no more than 24 in. However in the case where the damage is
present prior to a heat-straightening repair, the length of damage would be longer
(assuming no sweep is present in the beam). All things considered, the results from the
equation are considered acceptable.
47
4.00,-------------------------------
c 0 {;
3.50 t-----------------...----T--T-------------
u.
<(/)
g 3.00 +---------~----->.,__~----"<-___'<_~----------­
~
t1.
c
o
~ 2.50 +------------------''''<------'=-->oc----;;~......_'t_---------
!i:
Q.
E
<:l 2.00 t---------------a:c------~-~__"<__'0.:_T-------
g
(/)
1.50 t----------------~~-___i""_:___"<_'~"'-----
100.0 "10.0 "1.0 "
1.00 +--~~~~~~~___+_--~-~~~~~+__-~--~~~~_'_I
0.1 "
Length of Damage
• 118" • 114" • 3/8" • 1/2" c 518" 0 3/4" {; 1"
- Eqn. 118" - Eqn. 114" - Eqn. 3/8" - Eqn. 1/2" - Eqn. 518" - Eqn. 3/4" - Eqn. 1"
Figure 32 - Comparison of SAF Equation 1 to Finite Element Modeling Data
Next, a third variable, flange thickness, was added to the equation. Based on the
data obtained, the effect of the SAF is dependent on both the height of damage as well as
the length of damage. Therefore Equation I was redeveloped to include the effect of
flange thickness on the SAF. The same procedure in detennining Equation I was also
incorporated in detennining Equation 2.
(
(1.35In(H)+4.25'f-D·6_1.2] ( \.. -06
SAF= 043 In(L)+ 1.35In(H)+4.25
'f-In(40H' )
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Where:
H =Height ofDamage (inch)
L =Length ofDamage (inch)
tf= Flange Thickness (inch)
SAF =Stress Amplification Factor
Equation 2
This refined equation was tested to verify the accuracy based on the finite element
modeling. The comparison of the equation results to the modeled results are shown in
Figure 33. The data points are the results of the finite element modeling while each line
represents the equation for each flange thickness and height of damage. This equation
produced results that were reasonably accurate, mostly 3 to 5% higher than that of the
results from the finite element modeling.
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Figure 33 - Comparison of SAF Equation 2 to Finite Element Modeling Data
Finally, because the effect of flange width on the SAF is independent of the
length of dan1age (with the exception of the limited regions as discussed in Section 3.2.2)
a width effect tenn can be added to Equation 2. This tenn was detern1ined by taking the
average of the increase in SAF per a given width of flange. Because this increase varies
for each height of dan1age a trend was developed to include this as well. Therefore,
Equation 3 includes all four variables and can be used to predict the SAF based on the
height of damage, length of damage, flange thickness, and flange width.
( (1.35In(H)+4.251r--(l~ -1.2) ( \. (l~ ( )SAF= (l4, In(L) + 1.351n(H)+4.25~f- +O.IHbf-IO
-In(40H )
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Where:
H =Height ofDamage (inch)
L =Length of Damage (inch)
If= Flange Thickness (inch)
hf= Flange Width (inch)
SAF = Stress Amplification Factor
Equation 3
This final equation was compared to the modeled data as shown in Figure 34.
Again the individual data are the results of the finite element models and the lines are the
results of the equation for a given flange width and height of damage. The general trend
of the solid lines remains the same as the previous equation, while the broken lines
include the effect of flange width. As seen for the previous two equations, the results are
conservative at large heights and lengths of damage as well as small heights and lengths
of damage. As stated earlier, most residual damage will not approach these regions of
overly conservative results.
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Figure 34 - Comparison of SAF Equation 3 to Finite Element Modeling Data
The only actual laboratory data taken from the NCHRP specimen was modeled.
The results predicted by the Equation 3 were compared with the laboratory data. The
specimen had a flange thickness of % inch and a flange width of 10 inch. The measured
residual damage shown in Figure 2 was a height of Y4 inch and a length of 5 inch. The
actual stress anlplification detemlined from the instrumentation yielded roughly 1.8 (refer
to Figure 18, measured stress of 16.2 ksi at a location where the theoretical stress would
be 9 ksi) while the result from the finite element model was approximately 1.8. Using the
member and residual damage geometry, the SAF equation generated a result of 2,0. All
of these values are considered to be comparable. Note that the residual damage was
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within the general trend of the curves and does not fall near any areas where the SAF
equation would produce overly conservative estimates.
3.3 Solid Element Models
The second part of the modeling analysis consists of creating the same 18 foot
NCHRP specimen, this time using 20 node solid elements. The purpose of this analysis
was to verify the results of the shell element models and the SAF equation when the
damage is located near welded details (flange attachments and stiffeners). In order to
accurately model these details, the types of elements selected were necessary in order to
achieve adequate results at weld details such as cover plates and stiffener details. The
solid model is shown in Figure 35.
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Figure 35 - Typical Solid Element Model
For this finite element analysis four models were created. The first model, shown
in Figure 35, was the control model for the analysis. This contained both types of details
for which the subsequent models will contain residual damage ncar. The flange
attachment and stiffener details are shown in Figure 36 and Figure 37, respectively. The
green clements represent the flange attachment, the yellow clements the stiffeners, the
grey clements represent the weld, and the blue elements are the web and flange.
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Figure 36 - Flange Attachment Detail on Solid Model
Figure 37 - Stiffener Detail on Solid Model
The other three models will be of the control model except that residual damage
will be modeled either near the flange attachment or the stiffener. The first of these
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models contains residual damage near the flange attachment that has the convex side of
the residual damage facing up as shown in Figure 38. The next was similar to that of the
first, except that the convex side of the residual damage is facing down as shown in
Figure 39. The third model contained residual damage near the stiffener as shown in
Figure 40. The damage modeled for all locations was '!4 in high and 4Y2 in long. This
geometry of damage is within tolerances as listed by the FHWA manual on heat-
straightening repairs. Thus the presence of this residual damage would be acceptable to
remain in the member after a heat-straightening repair according to this publication. Note
that using Equation 3 to determine the SAF for this level of geometry yields a value of
2.0. For Figure 38, Figure 39, and Figure 40 the residual damage is shown as the red
elements.
Figure 38 - Residual Damage near Flange Attachment (Com-ex Side Up)
56
Figure 39 - Residual Damage near Flange Attachment (Convex Side Down)
Figure 40 - Residual Damage near Stiffener
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The residual damage present at the flange attachment for the second model
described is oriented differently then what had been previously modeled with the shell
elements. For this case, the convex side is now on the underside of the bottom flange.
The primary loading of the member will cause the localized residual damage to flatten,
thus producing a tensile stress on the concave side of the damage. However, the convex
side (on the top side of the bottom flange for the shell element models) will be subjected
to secondary compressive stresses. The locations where the member begins to flatten
(location where the red and blue elements meet shown in Figure 38) will experience
secondary tensile stresses on the top side of the flange and secondary compressive
stresses on the underside of the flange. Thus if the residual damage was modeled as
previously, then the weld toe would experience compressive secondary stresses which
would be subtractive from the primary tensile bending stresses. This would result in an
apparent improvement in the fatigue performance of this detail and thus is not relevant
for this research. However when the convex side of the residual damage is on the same
face of the flange that the flange attachment is welded (see Figure 39), then depending on
how close the residual damage is to the weld toe, there will be an increase in tensile stress
at that weld toe. It should be noted that this may not be the maximum tensile stress
experienced on the entire area. The SAF equation was developed on the basis of the
maximum stress over the entire area of residual damage since no specific details were
considered. However, in the presence ofwelded details, it is the anlplification in stress at
the weld toe that is of interest.
The residual damage orientation was not apart of the original test matrix in the
development of the SAF equation, thus it is unknown how orientation of the residual
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damage will affect the SAF. However it was of interest to model the residual damage in
order to see how close the SAF equation is to the results obtained from this modeling.
Based on the questionnaire, either orientation is typical to what is found in practice, thus
it is of importance to model both in order to compare the results.
After the models were analyzed, the first step in determining the SAF was to
locate the area of largest stress on both of the models containing the residual damage and
at the same location on the control model. The stiffener was located in the constant
moment region, thus the stress in this region should be relatively the same at most
locations. However because of the presence of the stiffener and the weld, it would not
necessarily be the same at that location. The flange attachment detail was located in the
moment gradient, thus to accurately determine the SAF the location where the stress
obtained on the residual damage model would need to be consistent with the control
model. Figure 41 and Figure 42 present the results of the analysis as stress contour plots
for the flange attachment details with the convex side of the residual damage facing up
and down, respectively.
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Figure 41- Stress Contour of Residual Damage near Flange Attachment (Convex Side Up)
The stress at the concave side of the residual damage was 19.1 ksi while at this
same location on the control model was 11.5 ksi, thus the SAP is equal to 1.7. The stress
at the corner of the weld toe was also compared to the control model and was reduced
40% from 14.8 ksi to 5.6 ksi. The stresses along the length of the weld toe on the
opposite side of the flange were also compared and were found to have a negligible
change. When comparing these results (maximum of 1.7) to the SAP equation (2.0), the
SAP equation will over predict the SAF by about 20%. This does verify that if the
residual dan1age is orientated in this direction the SAF equation will over predict the
modeled results. Next these results were compared to the results from the model
containing the residual damage. which had the convex side facing down. This will
detennine if Equation 3 oyer predicts the SAF for residual dan1age near flange
attachment details.
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Figure 42 - Stress Contour of Residual Damage near Flange Attachment (Convex Side Down)
It can be seen in Figure 42 that the maximum stress occurs along the weld toe
with a maximum of 36.6 ksi at 2 inches from the edge of the flange attachment. The
stress on the control model at this same location was 15.2 ksi, thus a resulting in a SAF of
2.4. The stresses at the other two locations were not as significant, but did yield a SAF of
1.9 for both locations. Note that the flange attachment is in the moment gradient region.
From the results of the flange attachment analysis, it can be seen that the orientation of
the residual damage does indeed determine how much stress would be present at the weld
toe of the flange attachment. As stated earlier, a significant comparison cannot be made
between these results and Equation 3 because the orientation of the residual damage was
not investigated. However, the equation does provide a reasonable estimate of SAF for
these two specific cases.
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Figure 43 - Stress Contour of Residual Damage near Stiffener
Three locations were investigated for the stiffener detail. The first was at the edge
of the underside of the bottom flange. At this location largest amount of stress was 29.7
ksi. At the sanle location on the control model the stress was 15.4 ksi. Thus a SAF for
this was calculated to be 1.9. At the second location, 27.8 ksi was present at the weld toe
while the stress obtained from the control model at that location was 14.0 ksi. This
resulted in a SAF of 2.0. The last location was at the point where the residual damage
begins to flatten. This had a stress of 24.9 ksi on the danlaged model and 15.3 ksi on the
control model resulting in a SAF of 1.6 at this location. As described earlier, the largest
stress taken from the shell models was located on the concave side of the residual
damage. However, because of the presence of the stiffener, the larger SAF was located at
the weld toe. In comparison. both are relatively the same. thus the SAF due to this
residual damage would be roughly 2.0. These values can now be compared to the SAF
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calculated by Equation 3, which yielded a value of 2.0. It can be stated that these values
are relatively the same. Thus for this specific case the SAF equation does indeed give
accurate predictions of the SAF around this size transverse stiffener that is welded to the
bottom flange.
The results of finite element modeling of the residual damage and welded details
using solid elements were similar to the results calculated from the SAF equation for
these specific models. It is important to note that although the results were similar for
these particular cases, it cannot be inferred that the equation will accurately predict the
SAF for all levels of residual damage geometry and member geometry without further
analysis. Likewise, it was found that a reasonable SAF can be obtained from the
equation when different orientations of the residual damage, as modeled near the flange
attachments; however it is unsure how accurate the SAF equation will be for different
geometries of the residual damage and the member. This modeling does suggest that the
upon future analysis of these variables, the SAF equation can be revised, if necessary, to
include these factors.
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4. CONCLUSIONS AND FUTURE WORK
4.1 Conclusions
Based on the finite element modeling, an equation that can detennine the increase
in stress at a location of residual damage in base metal (without the presence of sweep) of
I shaped beams has been developed. The use of this equation can assist engineers as well
as heat-straightening contractors on the level of flatness the flange must have after a heat-
straightening repair. Although this research was not intended to predict the SAF for large
localized gouges, initial studies consisting of modeling substantial flange damage were
verified with the SAF equation. A majority of the results overly predicted the SAF
especially around large lengths of damage; however the use of this equation could be a
quick and easy way of completing a preliminary analysis of the damaged member.
Although there is little laboratory test data available to confinn the modeling,
there was one case that was utilized to verify the modeling as well as the SAF equation.
It has been concluded that the SAF equation can reasonably predict this increase in stress
with slight error. This error was conservative and usually less than 5%. For the cases of
typical residual damage in a member, the SAF equation will yield a reasonable result.
Though it was found during the modeling of the welded details, orientation of the
residual damage at welded details will affect the SAF.
In the case of residual stresses, studies have been completed by Dr. Avent [2] for
the heat-straightening process on the levels of residual stress left in the member after a
repair. It is important to note that the SAF is an amplification of live load stresses above
the normal bending stresses (i.e., the equation does not take into account dead load or
residual stresses. For fatigue, residual stresses must be assumed tensile for a ful1 cycle of
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loading and cannot be detennined with nondestructive testing. This is consistent with
AASHTO nominal stress approach where the full stress range is considered.
This research can be applied in practice to increase the awareness of the inspector,
engineer, and the heat-straightening contractor. From the initial literature review, it is
apparent that what was reported did not specifically address the issue of potential fatigue
caused by residual damage in any of the listed tolerances. It is concluded from this
research that although a distinct tolerance can not be given, it appears more reasonable to
set limits on the allowable SAF. This process will ensure that the residual damage will
not cause an unacceptable increase in live load stress that would result in a fatigue failure.
4.2 Implementation of Results
Using the results of the trend analysis, recommended procedures in detennining
the damage geometry as well as determining the SAF have been compiled and are
described in the following section. Although the level of residual damage cannot be
foreseen prior to a repair, it should be assumed that some amount of residual damage will
remain. During the initial inspection following an impact, careful documentation must be
made of the impact location. Any welded or other details that are in the vicinity of the
impact or where heat-straightening will occur should be documented. Based on the
design of the member, the engineer should determine an allowable increase in stress for
that member at those detail locations. Then a reasonable and rational SAF can be
established for the repair.
This information must be presented to potential contractors perfomling the repair.
If indeed a severe impact is located ncar a welded detail, this will certainly need to be
65
considered by the owner and the heat-straightening contractor during the bid stage. A
successful repair, which would entail stringent tolerance limits, can lead to a longer repair
time and increase the cost of the repair. If the owner feels that this increase in time and
cost of repair is unacceptable, other means of repair (including the replacement of the
damaged area) will need to be considered. Based on the finite element modeling results,
residual damage geometry greater then the tolerances listed in the FHWA manual on
heat-straightening repair may be present in the flange which would not affect the integrity
of the entire member. However, the owner may require the current FHWA tolerances
based on aesthetics.
4.2.1 Procedures in Determining the Stress Amplification Factor
In order to accurately determine if the heat-straightening repair is adequate even
though the residual damage is within the listed tolerances, the geometry of the damage
must first be determined. To do this, a few simple inexpensive tools that should be
readily available from the heat-straightening repair are necessary. These include: a ruler
or combination square, string, and tape or clamps. First, using a taunt line either taped or
clamped to underside edge of the bottom flange, pinpoint the highest deviation in the
flange. Next take a measurement from the taunt line to the highest point of the deviation
as shown in Figure 44 and record as the height of damage, H. Likewise record the length
of the flange that is not touching the taunt line and record as the length of danlage, L as
seen in Figure 45. These values for this danlage shown in the figures are If. in for H and
5 in for L.
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Figure 44 - Example of Measuring H
Figure 45 - Example of Measuring L
Record the flange width and thickness at the maximum height of damage. As
described in Section 3.2.2, it may be possible to have thinning of the flange, which would
in tum increase the SAP, and could be used as the flange thickness in detemlining the
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Figure 44 - Example of Measuring H
Figure 45 - Example of Measuring L
Record the flange width and thickness at the maximum height of danlage. As
described in Section 3.2.2, it may be possible to have thinning of the flange, which would
in tum increase the SAF, and could be used as the flange thickness in detemlining the
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l \NTENTiONAL SECOND EXPOSURE
Figure 44 - Example of Measuring H
Figure 45 - Example of Measuring L
Record the flange width and thickness at the maximum height of damage. As
described in Section 3.2.2, it may be possible to have thinning of the flange, which would
in tum increase the SAF, and could be used as the flange thickness in determining the
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SAF. However, in most circumstances this would be overly conservative and a
reasonable or average thickness based on engineering judgment should be used. This
thinning of the flange is also shown in Figure 44 and Figure 45. For this case there was
thinning of the flange which caused a reduction in the flange thickness from o/.c in to 1'2 in.
Because the extreme thinning was only at the edge of the flange and tapered to the center
of the flange, a flange thickness of 0.7 in was used for the calculation. There was no
noticeable decrease in flange width therefore the original width of lOin was used. Next
those measurements were put into the SAF equation (Equation 3) to determine the
increase in stress at that location. The SAF for this residual damage and member
geometry was calculated to be 2.04. If this is greater than SAF provided by the engineer,
then further repair is required. It is important to note that that after multiple cycles of
heat-straightening, less and less damage is removed per cycle. If the damage cannot be
repaired, other means, such as removing the damaged area or live load testing should be
considered.
4.3 Future \Vork
It is recommended that further analysis be completed on how details such
as flange attachments and stiffeners affect the SAF. As discovered in the solid modeling,
there was a discrepancy between the equation and the results obtain from the model near
a flange attachment. Including other variables such as distance from the detail,
orientation of the danlage, flange width, flange thickness, height of damage, length of
danlage should be included in the future analysis. It is also possible that more then one
residual damage location exists near a welded detail. It may be necessary to include both
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locations for a more accurate analysis of the residual damage. Incorporating these
recommendations would require a large modeling matrix and it is recommended that
laboratory testing of selected geometries be completed to verify the finite element
analysis.
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locations for a more accurate analysis of the residual damage. Incorporating these
recommendations would require a large modeling matrix and it is recommended that
laboratory testing of selected geometries be completed to verify the finite element
analysis.
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APPENDIX A
Specimen Drawings
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Drop Weight Machine Drawings
74
· " . .'" , " ~.
75
~ ~
...... >
ll. ..Ja:: ..J
J: :::J(.) u.
z
76
-.....l
-.....l
~
0 0
0 0
0 0
0
0 2'-2Y."
0 0
----: : LATERAL SUPPORTS (MCI2X3S)
2 SPA. I) 3" (TYP.) ] ~, (SEE SHEET B)
MATCH EXSm~G If'"
HOLES IN COLUMN ~I 00o 0
," HIGH STRENGTH)
0 ,
rBOLTS (TYP.) : ~
0 , ~1!1i" (TYP.)o 0
EXISm~G oW (TYP.)~ o 0
~: r- MAltJ COLUlrdrJ
0 0
(W12XI90)
0
0 0 [~PWMEN ROCKER (TYP.)0
(SEE SHEE1 12) r TEST SPECIMEt'
0
I l[ ] 0 I I00 0
0
" S]fFENER (TYP'~~F-
0
0 rrir 2" THREADED B7 ROO (TYP.)0
SPECIMEN SUPPORT (W14X2S7)~~ r--j 0 W MAlt! SUPPORT (W14XI93)0
(TYP.) (SEE SHEET II) -l.a. L.e,.j 0 (TYP.) (SEE SHEET 10)
0
0 I I" S~fffi!ER (TYP.)
4'-5" (TYP) I 1\ II ...
.... , II I 0 I II r .... 11 I~HEAVY OUlY AtiCHOO (TYP.)IU I! II II. I 0l'f! ." rCOtiCRETE PAD (SEE SHEET 13).. .' .- ':' (LAB FLOORI . . .
I 12'-10" I
VIEW A-A
-
.......
-
... --. NCHRP1~3 .-"ft MJU ~ NOTTO 5CAl.f~-....1llllJCft-._ -.., MJU -'"" .u,mal:1lDMl~-
-DROP-WEIGHT MACHINE - VIEW A-A -"" IlJC~ SS II'::=--':'::" ..."'" 3 .. t7
.- 2I2llI04
.....:J
00
~
-
RXEO RM)\(2'XS'X20'-O' BAR) (TW.)
~6' FIXED RAJL SUPPORT"\(IO"X6'X2' PLAl£) (TYP.) 1\(TW.) (14 REO'D PER RAJL)
=; I-..:J ?' LAl£RAL SUPPORTS (MC12X3S)(SEE SHm 8)
I 11'-3¥.'
I' HIGH STRHIGTH
'\BOllS (TYP.) ~
-
V~EMOVABl£ RAJL(2"XS"XB'-4!\" BAR) (TYP.)
I/~EMOVABL£ RAIL SUPPORT V~AJN Ccx.UMN(ID"X2"XB'-4¥," PlA1£) (TW.) (W12XI90) (TW.)V 2' 87 RQ() (lYP.)
SPECIMEN ROCKER (SEE SHEET 12)~
TEST SPECIME~" '",,-
'\. II I V~ECI~EN SUPPORT (W4X2S7)
," S]FFEI~ER" II (lYP.) (SEE SHEET 11)
(lYP.) " II n n II n II ,/
II I II \I 10'-10'
.... 11
""
II .... 11 ....
I" snFFENER (T"'.)",
:111J lrlr: ;-HEAVY DUTY ANCHOR (TYP.)
.,
'1
1
.'
l't
I 12'-10' I
\1.lliJi::..E!
-
..... ..........
..,
--
_...
M..U -.. NOTTOSCAUO~--- NCHRP1().63....1llllIClllOM._ _.. M..U ......,"" -1I?.......~ SS ..=~ -OROP-WEIGTH MACHINE - VIEW B-B _OW'. I!JC 4.17e-TflO"
..,., 2123104
\.
-....J
\0
I
20'-0'
FIXED RAil
B'-4y,"
REMOVABLE RAIL
MAIN Ca.uMN
(W12Xl90)
RElIOVABLI R/>Jl
(2"X5"XB'-4'f BAR)
r REMOVABLI R/>Jl SUPPORT(10"X2"XB'-4!:1" PLATE)
I· SnFITtJER (l'i1',)~.
2" lHREAOfD B7 ROD (TYP.)
M/>JN supprnT (WHXI93)
.) (SEE SHEET 10)
I" STIFFENER (T'rP,)
I ••
. ~ ~~ ,HEAVY DUTY ANCHrn (TYP,)
C<JICRETE PAD (SEE SHEET 13)
lAB flOOR
1--------------12'-10"--------------1
ELEVATION c-c
'PfWffMTIll5: . .
DROP-WEIGHT MACHINE - ELEVATION e-c 1-" u: I....."'" 5.17
..,., 2I2ltI04
ElfNlIl'f: M.J.J
....... NOT'TO 5CAI£
-
M.lJ
_..
NCHRP1C-63--ADVAlIEZD"fWQ.aLOCJr_.-_-
l1?m.DdoII
"':""":':..
---~-
""""
-.l
\0
I
20'-0'
fiXED RAil
B'-4)\'
REMOVABLE RAIL
RXED RAIL
(2"I(5"X20'-0' BAR)
5/16' (TYP.)
LATERAL SUPPORTS (MC12X35)
(SEE SHEEI B)
~w (TYP,)
o~ MAil. CWJMllo 0 (W12Xl9lJ)0 REMOVABLE RNl
o 0 (2"XS'XB'-4)\' BAR)
• 0 REMOVABLE R/oJl SUPPORT
o 0 (10'X2"XB'-4!l' PLAlE)
o 0
" STIfITNER (TYP.)-
2' THREADED B7 ROD (TYP.)
MAIN SUPPooT (WHXI93)
(TYP.) (SEE SHEET 10)
I~-tt---tt~-tt-~-tt---+--I' STIffENER (TYP.)
,.~~~=:=!!:=::!!:=dh~:!!;I:::f====::l~~::::!S=~~:=!!:=:=!!:~=~H~EAV'( OUTY ANCHOR (TYP.)f C<llCRElE PAD (SEE SHEET 13)
~ r~
I 12'-10" I
ELEVAnON C-C
.......'"'"DROP-WEIGHT MACHINE - ELEVATION C-e
......... ~IoDiVMCm~'"~...........-II""'DIM.--........."'.lIi--- -- NCHRP1Q-63 -- M..lJ """"' NOTTO~-- M..lJ ~ .-- IlJC 5 ..17...."'"...., 2J2llI04
r-------------1I'-4"------------.,I r---;--"-3!S" (m.) 3" (lYP.)~ r-- """"1 f-w (lYP.)
WHo/I,??»»),»)?),)))))))))" IlHHi
2'-3"
(TYP.)
01 \':A1N COLU~N Ie ,,=' . '030M~(W12X190) (TYP.) v.£JGHl LOtIC CHANNEL !I lOP PLATE (lYP.)
(~C12X35) (lYP.)
PLAN
I .........-FIXED RNL
v-- (lYP.)
~ 1....._MAIN COLUMr~
M (W12X190) (TYP.)
LONG O'MlNEL
(~C12X3S) SHORl CHAWIEL
-r- (MC12X35) (TYP.)
00
o
./
./!\"10P PLATE (lYP.) rx
~
"'"lOP PLATE
LONG CHAflNEl
(MC12X35) (lYP.)
I
I
DROP.WEIGHT MACHINE - TOP SUPPORTS 1-" RJC..,., 2I2llI04 1-- 1 .. 17
\<
-
ELEVATION
~
l:-
AIW~~_
'-"'""""'""'-LIT"-"
.....u.:-:II
..-- ...--.-
........
NCHRP1D-63
~o° °° 0° 0
ELEVA TION x-x
_..
_..
!UJ
!UJ
""'" NOT TO SCALE
--
~--------- '''-4" ~GHT I
I FO", (;mmn" H1,.Il: -/ i, 7 7 7 7\ 7 / 7 7 7 A 7 / (m.)
'////////////////1 U 1I~\ ~ riiii/ii'" /LF 3; ~\ .
PLAN
rx
3'" LONG CHANNEL
(UCI2X35) (!\'P.)
111-;1 1-;1t==+-r
'
o!>'
SH~T CHANNEL
(MC12X35)
t
1'-0'
--i
1'-0'
--i
1'-0'
-l
IjFIXED RAIL
Im'.) i?
"--:
r
~ Ih
REMOVA8LE RAIL
(m.)
,. HIGH SBENGlH~
80LT (Ti1') .......
00
....
~ ""'"' tDTTOSCAI£
JooUJ ....."."'"
..,
2I2Ml4 ' ..,..." 7 .17
_or.-""
ELEVAnON x-x
NCHRP10-63-
DROP-WEIGHT MACHINE - MIDDLE SUPPORTSi:::=- ._- I
l.:-
ADlIJM:aD~_
.-~­UTmaDlli.-
'--
.............0:
...-.- -.....-~
El.E'lAI!.Qti
-.....
?
DETAIL 8
(4 REO'O)
~"(T'tP) r,e[ . '2!f (T'tP.) f+'. I 2" (lYl'.)-I ~
~1'-4'~~WllX3'
Q.E.I8!U
(8 UFTNG e REO'D)
,Wllx.J' PAD 8EAM
SEE DETAIL C
I
U U r~PFO~~KU L~.~ ~
r---1 r-J II r--
[r-~-TI:,c~',:~:,fr-··lJ
1" 87 ROO (TOP 6" I I I I 14
5'-W I I I I I TliREADEDl (T'IP.) • 6'-5"
00
N
l'lllfnNG~
(T'rP.)
IrA'
5'-10"
~~
6'-S"
SEE DETAIL 8
1'-1'" (m.)
I 11'-+"~
SECnON A-A
o
I 1.4" (TYP.) 6" (T'tP.)
t I U; Ifl U fIlL '----
r J L-3·_3.l\" J-I.~·~J-'y,·
PLAN 2
,.1 7"
IU U
..Lg. (m·l ---J
l----'-3'-3)'2"
_..
M.AJ -.. NOTTO 5CAI.E
-or. M.AJ --
_or. u: 1.17..-rJlO~
-
mMl4
()lliU
(8 REO'O)
NCHRP1D-63
CONCRETE PAD - DETAILS
_rna
-----
...._......
UT __r-.
W!IIIroU:-=LI
..-- ...........~--
00
w
BAR SCHEDULE
~J'-lIl'--r-3-POO 02'-I'~J'-WI ~ARK SIZE NO REO LENGTH T'fPE OI~ENSIONS RENARKSI.:: Z· (T'iP.) I-- 10' A B J
P401 ~ 56 2'-0' STR
z' (TYP,)J P40Z ~ 64 1-0' 1 ,14' 12' 4'P601 6 30 12'-6" STR
P602 6 72 6'-0' STR
P60J 6 ~ -,Yo' STR
( P P604 6 ~ 2' T STR
8-P601 C 10!1' (j) Cf R ..,
7-P401 I
· · · TOP 6: BOTTOMSr."' (m.)
iO~6~2Bg~- ~O~6~Z:TT~- POST TENSIONING SCHEDULE
· · · · ~ARK SIZE NO REO LENGTH T'fPE REl1ARKS
POO I' 3 14'-0' STR POST- TEN90N TO 85 KIPS
~'-./'.... ~r-.r~~
~:6~ZS~~_ ~O~6~2:TT~-
· · · ·
'A 7-P401 II lA'7-P601 1111'
Sr." (T'fP.) TOP 6: BOTTOM
· · · ·I"--P402 (T'TP.)
P
r6'
j j ,'I
-II
P604 (T'fP,) TOP 6: BOTTOM
2" (TYP,l:!ll--z' (T'iP ,) PS03 (TYP,)JTOP 6: BOTTO~
PLAN
P401 (TW')I /Poo 6: CASI~G 'r TACK \\\:LO P601 6: PSOZ
rP40Z (TYP.) fI TO J( ~ (TOP & BOTTOM) ~602 (TYP.)(m.) , ,P601
-r \. I r -r
-r' r-r\ I
-4- I ,~ • ....!.. I &....!.. \ .r 11~:t
SECTION A-A
-
....
--
..,
- NCHRP10-63
_...
HJU -.. I«lTTOSCALE~---....._- _Or', HJU -..or""IITmaa..~ SS -C=-.
-CoNCRETE PAD - REINFORCEMENT - ... KJC
-"" 1.17.- 2i2ll/OI,
00
~
r-11Jf-r-10'-r-10'-r-l0'-;--r-11!fi
tlEIHJ6 6 6 ).. 4Jf (T'll'.)v IIl q 0 0 0 '~
"'--'2J>" (rIP.) . ""--Wl4XI9J
PLAN TOP FLANGE SECTION 8-8
r6!\'llo'-t--lO'_lo'~IO"-r-6!\"l
11
[ Ii W14X193 rr"-I vi v--I" snFFENER (T'll'.)J I l'S]mNER IT'll')' 5/15' I, iIII: i ~r~1--1)2"X1,If SNIPE ITl'P·)rs ~ i i B'l . v ""
~ "-W14X193
SECTION A-A
ELEVA nON
I~OTES:
1. FOUR (4) MAIN SUPPPORTS REQUIRED.
2. 28'-0' W14X193 TO BE SUPPUED BY lEHIGH UNIVERSITY.
J. COST ES]MATE SHALL INCLUDf DfU\£RY
or W14X193 FROM LEHIGH UNIVERSITY.
4. SnffiNERS SHALL BE Of GRADE 50 STEEL.
...
""'"
-
..,
-- NCHRP1C-63 -"'" IUJ ~ !Dr to SCAlE~---~"""""'""'- -"'" IUJ ........"'" .lU.au.DIioiJ~ ss "::""':'::..
-'"'" MAIN SUPPORTS - DETAILS -"'" 1tJC ...."'" 10.17........- ..~ ..,., 2f2.3I04.
L 10' 10'
~-H It....nJl:ir: IL:r·._ijf" I~'00
Vl ]] "II'S d '.m m U
PLAN TOP FLANGE \) ~2' V <!TYP)
I 5'-olf,'
""---W14X257
SECTION 8-8
~(ECIMENROCKERll~'"'"
Q~- "STIFFEIIER (TYP)1!l'X'~' SIIPE(TYP ) 5/'6' (TYP )
"'B /SPEaMEN ROCKER:SEE S/jE[T 5)
n
n n Lb"-"li.·~
~ l+~'fdll III" J' I 1'-3' I' 4' a'---..j
10!3.
ELEVATION
4'-5'k-8'
rA
'~ 0 ~ ~ ~ " ~ iIl'"'~
. Iq. gr.' (TYP.)
;.(&.) 'C'm' (TYP.) SECTION A-A
-'""'SPECIMEN SUPPORTS - DETAILS
.......... ~_-.. ..........-.....--.-U7A'11.-DiIlIIII~ SS -==.. -- NCHRP1D-63
NOlE5:
1. TWO (2) SPWMEN SUPPPORTS REQUIRED
2. 1 - 15'-3' AND 1 - 11'-5' W1+X257 TID BE
SUPPUED BY LEHIGH UNIYffi~TY.
3. COST ESTIMA1E S/jALL INQUOC DEUI£RY
Of W14X257 FRot.l UEHIGH UIII;£RSiTY.
4. snffENERS SHALL BE Of GRADE 50 STEEL
_ ..., JoUJ I~ NOTT05CAl£
1lIWW'Irf: MJU ~NO.; ~
1-'" IlJC~ 2/23/0+ I...."'" 11.. 17
r '"(W.)
aJf
L~=j::#=~~~==bJd
G ['"
L1'1 I U ~+"(Ti'P)U 1]'10lr---I-,or."---I-1OY."5r." sr."
~GRINO ROUt,OJ" T" RADIUSENnR[ LENGlH,'1"..12"
SECTIOI~ A-A
j-6"""""I
dOll
~8"--I
SECTIOIl B-B
411, I'"sr-~lL~PIEC[A
-I 1---3"
SECTIOtl C-C
.-r'"
I\l'l '"tJC={
OETAIL PIECE A
"X
'-101' ROCKER (
~TOP. orROO<E.~.RASSaI.. BL.Y . . ~ou .~J",~,=,
ELEVATION SECTION X-X
SPECIMEN ROCKER ASSEMBLY
(FOO INFORMATION ONLY)
00
0\
ELEVAnON
3'-10·
BOTTOM OF ROCKER ASSEMBLY
ELEVATION
I~ ~,~.~l"-O"CL
L ~....(w.)C:::' <--" .. (~:
PLAN
TOP OF ROCKER ASSEMBLY
1 10 J'-7Y," ---otfsJ2" (])'p.)
,.-O"JL----
L, I ~2ll'(Ti'P.)
PLAN
TOP ROCKER PLATE
-
NOTES:
1. 1VoO (2) SPECIMEN ROCKERS REQUIRED
2. SPECIIIEN ROCKERS SHAlL BE MADE Of
GRADE 50 STEEL.
~ ...".... -"" M.lJ 1-.., IrlTTOSCALE=-~ NCHRP 10-63 _"" M.lJ 1"""'_ .u,,,...Dl!Iot~ SS ...=~ -~SPECIMENROCKERS-OETAILS ::-.., ~ I....... 12.17
00
......:J
lY}FEl'-W=1 B'-1»" El'-~"~JY,"'1~" (nP.'; ,ii;s11\, (nP.) 10P flANGE
I,%""I~I 11'-4" I
l?-\'(nP.J*
I
~1!1" (nP.) BOTIOM flANGE
LDIIG CHAtlNEl (~C'2XJ5J
(W. BOTI-i FLANGES) - (TWO REOUIRED)
r-,<LJf--rS"--r-,QJf-, E'W, (nP,J "rD>" (w,) 6 2 SPA.I 2'-J" alf" I § J"1J.o.. 0 0 P±t1\' (W.)
11\, (nP)JJ L"'-.IJi" (nP.) ro ,,;r (nPjJ I.. ONE flANGE DIlLY
TOP PWITE S'.J ~~w (nP.)(FOUR R[OOIRED)
SHOR1 CHANNEL (MCI2XJ5)
(FOUR REQUIRED)
TOP SUPPORTS DETAILS
,r-~· II3\f11\6 (nP)
1?-\'(W.J*
I
~1)f (lil'.)
LDIIG CHANNEl (MC12XJ5)
(nP. BOlH FWltlCES) - (TWO REQUI~EDJ
r IO;r--,-6"--r-
'
0!l"-,
6 2 SPA. WI1X6 (nP.)OJ" £11\, (nP.)
0 0
4, ~W(nP.p 1
.. OIIE flANGE DtJlY
J-J "-~W (nP,J
SHORT CHANtiEL (MC12XJ5)
(FOUR REOUIRED)
MIDDLE SUPPORT DETAILS t~DTES:
1. CHANNELS SHALL BE ~ADE Of GRAOC 50 STEEL
-
.... -... ...
- NCHRP1D-63 -'" M.U ""'" NOT10SCALE~--,....-- _... M.U -- -11., .......rA: SS .-~.. tfOP&MIDDLE LATERAL SUPPORTS - DETAILS_... IlJC ..,"'" 13.17................. ...., 2f2Ml4
f= = = =' Jf
ElEVAllON 2" (TYP.)]
-----------------20'-0"---i1- I
b c:::J c::J c:J c::Jt
PLAN
FIXED RAIL
(TWO REQUIRED)
o ~l10"
0 0 0 O'~ J
Lw
ooo
o 0
I ~~======:~:=====~:;;;~~~~~~~~~~~~~~~ I 5""""00 ,~ 11
2" (fYP.)
J" L I 16 SPA. C 6" = S'-O' I
PLAN
00
00
- ~
REMOVABLE RAIL
(TWO REOUIRED)
......."
AD!INICI:D~_
...._-
UTas.-IliIllllIlI
..:..U:-::.. I DMrMTTTLI:
---
NCHRP1Q..63
RAIL - DETAILS
NOlES:
1. RAILS SHALL BE MAllE: Of GRADE 50 STEEL
2. CAMBER AND SYIrn' SHALL OC EQUAL TO OR LESS
lHAN)f," O'.£R ENllRE LENGlH.
- .., IUJ 1--- NOrTllSCALf
IJIIJNIIfI'r. MJU ....,.;rNO.:
-.., _~_. 1...- 14.17
00
1.0
fA:
5'-6"
~
~\ (nP.) I
t-lJa"
'-W14X'76
1" ~
r
l I J I II j I ," SnFFEfJER
ELEVATION
"-O"~
.l"Xl!1"X5'-6" BAR (TYP.)
SEE OWJL " SiEET 2 (TYP.)
5/16" 3" - 6' (fT1'.: t--I"-O'_l'-O"- 6'-I'Y,"/ V r " lliREAOEO B7 ROO (TYP.) ,. (TYP.)4-
E vi 9 E 6 j4,1f(TYP.) 9
t
/\
,a "t 0 ~.'~. (TYP.) 9
ITYP.l 5/16" / ~ "--". L1Fl1IJG f (TYP.) ~ '--". UFlIfJG f (TYP.)'-O'lJ-rvn\
WEIGHT - DETAILS 1
-......
TOP V1EW
(SEE OETAIL" B: SHEET 2)
~ --=00..........,..-...._ .. .lJ'llIIa.l:IdoII*Iku:-:.:I.I...........-.- ...,.,..-~ NCHRP1D-63
(SEE OWJL B. SHEET 2)
BOTTOM V1EW
-""
M.U ~ NOT TO SCAlE
-'"
M.U
--
....,.. ItlC 15.17
---..,., 2I2llI04
3"
OJ
l-V"...J
I2illJLl,
!I" ~
'" STIFFENER (TYP.)
}\" UFTING f (TYP.)
(SIT DETAJl B, THIS SHEET)
[T"
W14X176
," THREADED 87 ROD
~(TYP)
,. ~
(TYP.)~
!I" f (TYP.)
~TYP. BOTH ENDS)
LJJ
4'
nl!\"XS'-6" BAR
(TYP.)
SIT DETAJl ... THIS SHEET
(TYP.)
A7 "" 'v iJ <JTYP.)
4" - 1'-9" «(TYP.)1-- "'" ... 17
<i.
\0
o
\
ELEVATION A- A SECTION B-B SECTION C-C DETAIL B
- ~ADVAIIaD~'"..........",..,-llf........~­........."' ..... -_~ --_n= NCHRP1D-63WEIGHT - DETAILS 2
NOTES:
1. ONE (1) ~QH REQUIRED
2. 19'-6" W14X176 TO BE SUPPUEO BY llJilQi UNIIUlSITY.
3. COST ESnMATE SHAlL INCWOE DRII'ERY (F W14X,76 FROM
LEHIGH UNIVERSITY.
4. PtATES, STIFfENERS AND BARS SHAll BE Of GlADE 50 STEEL
_...
!oW ...... NlITTO SCAI£
_...
!oW
--_...
u:
..."'" 18 .. 17
"""'
2rl.Ml4
I,,~-j "I
-:- {;-_£/::-'..-.....;E. r·· j:,...,~ I . ~
§1 ,+ A!~r ,I« ...... c' •
:::J [C J !..., ro
i£ (!
; r-----... -:5/ i
1--"-1"----I I-,
l.I:'
91
§ ~
i2 a
, ~ ~
iii
~ ~ ~ I
~ ~
I i I §
l.I:'
l-tr-
~ ~ CfJ""' ....!;s' ~,x ".,. or-
'S I Q.,x ',' C"" a::-:=-."] j :I: I~
0 Q.
Z :JJ-
-
I
REFERENCES
1. Connor, R.I., Kaufmann, E.I., and Urban, M.I., "Heat-Straightening Repair of
Damaged Steel Bridge Girders: Fatigue and Fracture Performance." NCHRP Interim
Report (2004) 101 pp.
2. Avent, R. R. and Mukai, D. J., "Heat-Straightening Repairs of Damaged Steel
Bridges, A Technical Guide and Manual of Practice." Federal Highway
Administration, Washington, DC (October 1998). 253 pp.
3. Shanafelt, G. O. and Hom, W. B., "Guidelines for Evaluation and Repair ofDamaged
Steel Bridge Members." NCHRP Report 271, Transportation Research Board,
National Research Council, Washington, DC (June 1984) 64 pp.
4. American Association of State Highway and Transportation Officials and the
American Welding Society, "Bridge Welding Code." AASHTO/AWS D1.5-2002,
(2002). 250 pp.
5. American Society for Testing Materials. "Metals Test Methods and Analytical
Procedures." ASTM E 604 -83, (2000) 1220 pp.
92
VITA
Michael John Urban was born July 23, 1980 son of Henry P. Urban Jr. and the
late Rosalie C. Urban. He grew up in New Freedom, Pennsylvania and graduated from
Susquehannock High School in 1998. Michael enrolled at Drexel University, where he
majored in Civil Engineering and Architectural Engineering along with a minor in
Business Administration. He was apart of the 5-year CO-OP program which consisted of
three six-month CO-OP cycles. During these work experiences, Michael was employed
by Parsons BrinckerhofT located in Philadelphia, PA and Urban Engineers, Inc. also
located in Philadelphia, PA. There he gained valuable experience in the field of
transportation and bridge engineering. After graduating in 2003 from Drexel, Michael
moved on to Lehigh University to obtain a Masters of Science in Civil Engineering. As
part of his Master's program, Michael is part of a NCHRP project entitled "Heat-
Straightening Repair of Damaged Steel Bridge Girders: Fatigue and Fracture
Performance." To date an interim report is available through NCHRP.
93
ENDOF
TITLE
